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We report the storage and retrieval of single photons, via a quantum memory, in the optical
phonons of room-temperature bulk diamond. The THz-bandwidth heralded photons are generated
by spontaneous parametric downconversion and mapped to phonons via a Raman transition, stored
for a variable delay, and released on demand. The second-order correlation of the memory output is
g(2)(0) = 0.65± 0.07, demonstrating preservation of non-classical photon statistics throughout stor-
age and retrieval. The memory is low-noise, high-speed and broadly tunable; it therefore promises
to be a versatile light-matter interface for local quantum processing applications.
PACS numbers: 42.50.Ex, 03.67.Hk, 81.05.ug
Single photons are challenging to create, manipulate
and measure, yet are essential for a diverse range of
quantum technologies, including cryptography [1], en-
hanced measurement [2], and information processing [3].
Quantum memories, which act as buffers for photonic
states, are a key enabling component for these future
technologies [4]. They allow repeat-until-success strate-
gies to counteract the intrinsically probabilistic nature
of quantum mechanics, thereby providing scalable quan-
tum technologies. An ideal quantum memory would store
a single photon, maintain the quantum state encoded in
the photon, and release it, on-demand, as a faithful recre-
ation of the input. Efforts to implement optical quantum
memories have used a number of platforms including sin-
gle atoms in a cavity [5], ultracold atoms [6], atomic
vapours [7], molecular gases [8] and rare-earth doped
crystals [9].
The potential for quantum storage in optical memories
is often investigated using laser pulses attenuated to the
single-photon level [10]. However, the transition between
storing weak coherent states and true single photons pro-
duces two significant obstacles. Firstly, to achieve high
efficiency, most memories must operate near resonance
with a dipole transition, typically limiting storage band-
widths to ∼GHz or below [7, 11]. Single photon sources
compatible with such devices require careful engineering
to match the frequency and bandwidth of the photons
to that of the memory [6, 11–15]. Secondly, the intense
read and write beams used to mediate storage and re-
trieval may introduce noise which obscures the quantum
properties of the signal [16]. Where non-classical memory
operation has been demonstrated, laser-cooled [6, 12, 13]
or cryogenic [11, 14, 15] substrates are often required to
reduce noise.
In this letter, we demonstrate the storage and retrieval
of broadband single photons using a room-temperature
solid-state quantum memory. The THz-bandwidth her-
alded single photons are created by spontaneous para-
metric downconversion (SPDC) and are stored, via an
off-resonant Raman transition, in the optical phonon
modes of a room-temperature bulk diamond. As the Ra-
man interaction occurs far from any optical resonances,
the memory can operate at a range of visible and near-
infrared wavelengths. The bandwidth of the memory is
limited only by the 40 THz splitting between the ground
and storage states [17]. This broad bandwidth and large
tuning range makes the memory compatible with ultra-
fast SPDC photon sources [18]. Furthermore, the mem-
ory exhibits a quantum-level noise floor, even at room
temperature [19].
The use of an ultrafast laser oscillator is essential to
this device. By applying pulses of ∼200 fs duration, we
address the memory on timescales that are short com-
pared to its decoherence time, allowing multiple opera-
tional time-bins during storage. Furthermore, the fast
repetition rate of the laser provides single photons at
a high rate, thereby returning a good signal-to-noise
ratio in photon-counting experiments, on a reasonable
timescale. The combination of ultrafast lasers and dia-
mond phononics provides a convenient high-speed system
in which to build and test quantum devices.
The memory utilized a high-purity, low-birefringence
synthetic diamond manufactured by Element Six Ltd.
The diamond, which is 2.3 mm thick, was grown by chem-
ical vapour deposition and is cut along the 〈100〉 face of
the diamond lattice. The relevant energy levels can be
described by a Λ-level system consisting of the crystal
ground state |0〉, an optical phonon acting as the stor-
age state |1〉 and an off-resonant intermediate state |2〉
representing the conduction band. Single photons are
stored to, and retrieved from, the optical phonon by
strong write and read pulses via an off-resonant Raman
interaction [7, 20]. The photons and read/write pulses
are in two-photon resonance with the optical phonon en-
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FIG. 1: Experimental concept, energy level diagram, and setup. a: The memory protocol. A horizontally (H) polarized single
photon (green, 723 nm) is written into the quantum memory with a vertically (V) polarized write pulse (red, 800 nm). After
a delay τ an H-polarized read pulse recalls a V-polarized photon. b: Energy levels in the memory. The ground state |0〉
and storage state |1〉 correspond to the crystal ground state and an optical phonon respectively. The signal photon and the
read/write pulses are in two-photon resonance with the optical phonon (40 THz) and are far detuned from the conduction band
|2〉. c: The experimental setup. The laser output is split to pump the photon source and to produce the orthogonally-polarized
read and write beams. The photons are produced in pairs with one (signal) at 723 nm and the other (herald) at 895 nm. The
signal photon is stored in, and recalled from, the quantum memory. The herald and signal photons are detected using APDs
and correlations between them are measured using a coincidence logic unit.
ergy (see Fig. 1b). In the 〈100〉 configuration, the Raman
interaction couples fields of orthogonal polarization [21]
such that the H-polarized input photons are stored by a
V-polarized write pulse and V-polarized output photons
are retrieved using a H-polarized read pulse.
The high carrier frequency of the optical phonon
(40 THz [17]) and a large detuning from the conduction
band (∼ 950 THz) are the key features allowing storage
of THz-bandwidth photons. These features also provide
an intrinsically low noise floor: the large detuning from
optical resonance eliminates fluorescence noise, and the
high energy of the optical phonon results in low ther-
mal phonon population at room temperature. Four-wave
mixing noise, which is a pervasive problem in many Λ-
level systems [16, 22], is suppressed in diamond due to the
large splitting and high optical dispersion [19]. Following
excitation, the optical phonons decay into a pair of acous-
tic phonons with a characteristic timescale of 3.5 ps [23],
which sets the storage lifetime of the memory. While this
lifetime is prohibitively short for some applications, the
advantage of the rapid acoustic decay is that it returns
the crystal lattice to the ground state, resetting the mem-
ory such that it is ready to store the next photon. This
sub-nanosecond reset time permits GHz repetition rates
in the diamond phonon system.
The master laser for the experiment is a mode-locked
Ti:sapphire laser producing pulses of 190 fs duration at a
repetition rate of 80 MHz, central wavelength of 800 nm
and a pulse energy of 28 nJ. The laser beam is split be-
tween the photon source and the memory with 12.5 nJ
used to generate the orthogonally-polarized read and
write pulses (read/write panel, Fig. 1c). The remain-
ing energy for the photon source is frequency-doubled
in a 1 mm β-barium borate (BBO) crystal to produce
pulses at 400 nm (pulse energy 2.4 nJ). In a second 1 mm
BBO crystal, angle tuned to phase-match type-I non-
degenerate SPDC, the pump field at 400 nm produces
horizontally-polarized photon pairs at 723 nm (signal)
and 895 nm (herald). The photon pairs are emitted
collinearly from the BBO and, after the remaining 400 nm
pump light has been removed by interference filters, the
signal and herald photons are spatially separated by an
801 nm long-pass dichroic mirror. The herald photons
pass through a polarizing beam splitter (PBS) and a 5 nm
bandwidth interference filter before being coupled into a
single-mode fiber and detected on an avalanche photodi-
ode (APD) . The signal photons are coupled into a 7 cm
long single-mode fiber for spatial filtering before being
directed to the memory.
The horizontally-polarized signal photon is spatially
and temporally overlapped on a dichroic mirror with the
vertically-polarized write pulse and focused into the dia-
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FIG. 2: Measured coincidences between the signal and herald
photons as a function of read-write delay (blue bars). An ex-
ponential decay of half-life 3.5 ps (solid blue fit) is characteris-
tic of the optical phonon lifetime. The background noise (red
bars) shows a SNR of 3.8:1 for single photon retrieval. The
estimated noise due to thermal phonon population is shown
by the dotted line. Inset: Transmission through the diamond
in the presence of the write pulse, showing memory absorp-
tion. The profile width of 326 fs (solid red fit) indicates the
large bandwidth of the photons stored in the memory. All
error bars are from poissonian counting statistics. Signal and
herald detection events are defined as coincident if the time
delay between them falls within a 1 ns window.
mond for storage by a 6 cm focal length achromatic lens.
After a time delay τ the horizontally-polarized read pulse
arrives at the memory and the photon is re-emitted, this
time with vertical polarization. We can thus distinguish
between the input and the output states of the mem-
ory by their polarization (Fig. 1a). Following the mem-
ory, the signal photons are spectrally filtered from the
read/write pulses and coupled into a single-mode fiber.
By rotating the polarization basis we collect either the
memory output or the unabsorbed memory input (mem-
ory panel, Fig. 1c). The photons are detected by an APD
and correlations in photon detection events are measured
using coincidence counting logic.
Storage of the signal photons is demonstrated by scan-
ning the delay of the write pulse with respect to the signal
photon. With 12.5 nJ in the write pulse, a 20% reduction
in signal-herald coincidences at zero delay indicates that
signal photons are being written to the memory (inset,
Fig. 2). The full width at half maximum of the absorp-
tion profile is wa = 326 fs. Deconvolving this width with
that of the write pulse (ww = 190 fs) using the expres-
sion w2a = w
2
w+w
2
γ returns an estimated photon duration
of wγ = 260 fs, assuming transform limited pulses with
Gaussian spectra.
Readout of the signal photons is observed by rotating
the polarization filter to measure the vertically-polarized
output of the memory. With 6.25 nJ in each pulse, we
scan the delay between the write and read pulses; the
sharp step in signal-herald coincidences at zero delay in-
dicates that signal photons are being retrieved from the
memory (Fig. 2). The maximum total memory efficiency
is ηt = 0.9% and the write efficiency is ηw = 9% from
which we extract a read efficiency of ηr = ηw/ηt = 10%.
The exponential decay in read efficiency has a half-life of
3.5 ps which is characteristic of the optical phonon life-
time [23]. We have therefore demonstrated that the mem-
ory stores a single photon for over 13 times its duration.
By blocking the input signal photons we can mea-
sure the background noise of the memory (see Fig. 2),
the maximum signal-to-noise ratio (SNR) is 3.8:1; it is
important to note that this is a raw measurement and
no background subtraction has been performed. This
noise has two origins: spontaneous anti-Stokes scattering
from thermally-excited phonons and spontaneous four-
wave mixing (FWM) . The FWM noise process is in-
trinsic to the memory and cannot be completely elimi-
nated, however in a dispersive material such as diamond
it is strongly suppressed due to phase-matching condi-
tions [19]. From Boltzmann statistics we calculate that
around 5 coincidence counts per second can be attributed
to thermal noise (dashed line in Fig. 2). The photon
heralding efficiency at the memory is 16% meaning that
a single photon is present at the memory in only 16% of
the heralded experiments; despite this, we still observe
a high contrast between signal and noise. With an ideal
heralding efficiency, and no thermal noise, the possible
SNR in this memory is in excess of 70:1.
Correlations between the memory output and the her-
ald photon can be seen in their coincidence statistics, as
shown in Fig. 3. The coincidence rate as a function of the
electronic delay between the memory output and the her-
ald photon shows periodic peaks due to accidental coinci-
dences between the memory noise and the herald photon;
the time period of these peaks is 12.5 ns corresponding to
the repetition period of the laser oscillator. The largest
peak, at zero delay, indicates retrieval of signal photons
which have been written to the memory. These coinci-
dence rates exceed the accidental rate by a factor of five,
a clear indication that the non-classical correlations be-
tween herald and signal are maintained during storage
and retrieval from the quantum memory.
A stringent test for non-classical photon statistics
is to measure the second-order correlation function
g(2)(0) [24]. Using the Hanbury Brown and Twiss config-
uration [25], the input light field is partitioned between
two detectors using a 50:50 fiber beamsplitter, as shown
in Fig. 1c. The triggered g(2)(0) function of the heralded
SPDC source is calculated as [26]:
g(2)(0) =
Nh,1,2Nh
Nh,1Nh,2
, (1)
where Nh is the number of herald photons detected in
a given time window, Nh,1 (Nh,2) is the number of two-
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FIG. 3: Detection coincidences between the herald photon
and the signal photon retrieved from the memory as a function
of electronic delay (blue). A peak of five times the accidental
rate at zero delay demonstrates strong correlations between
the herald and signal photons after readout from the memory.
The memory noise (red, offset by 2 ns for clarity) shows no
increase at zero delay. Signal and herald detection events
are defined as coincident if the time delay between them falls
within a 156 ps window. The width of the peaks is due to the
timing jitter (∼500 ps) of the APDs.
fold coincident detections between the herald and output
port 1 (2) of the beam splitter and Nh,1,2 is the num-
ber of three-fold coincidences between the herald and
both ports of the beamsplitter. A correlation function of
g(2)(0) < 1 is a direct measure of sub-poissonian statis-
tics which cannot be explained classically, and is evidence
of single photons.
At the memory input, we measure g
(2)
in (0) = 0.04±0.01;
after the memory the correlation function g
(2)
out(0) de-
pends on the storage time, as shown in Fig. 4. When the
storage time is 0.5 ps, we measure g
(2)
out(0) = 0.65± 0.07,
five standard deviations below the classical limit of 1.
The measured g
(2)
out(0) function increases with increasing
storage time as the noise comprises a larger fraction of the
measured counts, however the memory output maintains
non-classical statistics for >2.5 ps. A three-fold coinci-
dent detection occurs, on average, once every 60 billion
laser pulses. However, because of the 80 MHz clock rate
of the experiment we are able to achieve sufficient count-
rates to measure g(2)(0); this illustrates the importance
of high memory repetition rate for multi-photon coinci-
dence measurements.
In conclusion, we have demonstrated a THz-bandwidth
quantum memory for light using the optical phonon
modes of a room-temperature diamond. The unique fea-
tures of the memory enable storage of single photons pro-
duced by ultrafast spontaneous parametric downconver-
sion — the most widespread source of single and entan-
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FIG. 4: The heralded second-order correlation function of the
memory output as a function of storage time. Values below
the classical limit of g
(2)
out(0) = 1 demonstrate the quantum
characteristics of the output field. Non-classical statistics are
observed for storage times up to ∼3 ps. Error bars are from
Poissonian counting statistics.
gled photons. We verified that the quantum nature of
the photons is preserved during the memory interaction
by demonstrating non-classical photon statistics in the
memory output. The heralded second-order correlation
function of the memory output was g
(2)
out(0) = 0.65± 0.07
which is five standard deviations below the classical limit.
The device requires no cooling or optical preparation be-
fore storage and is a few millimetres in size; diamond
is therefore a robust, convenient and high-speed testbed
system in which to evaluate operational memory parame-
ters, study the effects of noise, and develop quantum pro-
tocols. Beyond quantum memory, this system can also
be applied to generate quantum random numbers [27]
and macroscopic entanglement [28]. In the future, its
ease of use may benefit other applications such as quan-
tum frequency conversion [29], memory-enhanced optical
non-linearites [30], or programmable linear-optical com-
ponents [31].
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